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) i Sandia
So what is the “Smart Grid” ... ? @l”aagg’,gﬁgﬂes

The SMART Grid has several elements

—Includes “Smart” energy resources

—Uses Digital Communication to manage power generation, usage,
transfer, and consumption

—Improved situational awareness of grid operation through
distributed sensing

And several objectives

—Increased Renewable Energy Integration
—Improved Flexibility

—Improved Efficiency, Reliability, and Resiliency
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Attributes of Renewable and Non-
Renewable Energy Sources



Electricity in the US is primarily from @San.dia

National
NOn-renewable Sou rces Laboratories
2017: 81.3% of US electric power from

non-renewable sources
<1%
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US Energy Information Administration:
https://www.eia.gov/electricity/monthly/




States are Committing to Renewable @ Noooa

Laboratories

Energy Integration

29 state governments, Washington DC, 3 territories have
committed to new Renewable Portfolio Standards

29 States + Washington
U.S. Territories DC + 3 territories have a

HI: 100% x 2045 | Guam: 25% x 2035 -y [Renewable Portfolio
PRooNx;es  Uswaokxans  orandard
DSIRE database, February 2017 (8 states and 1 territories have

Database-of state incentives for renewables and renewable portfolio goals)

efficiency renewable portfolio standards
http://www.dsireusa.org/



Sandia
Geo-Thermal Energy @ O s

* Water is heated by thermal energy in the earth’s
crust, converted to steam and used to drive a steam
turbine generator

Production Well Injection Well

D. Chandler, “Power from Down Under”, MIT News office, January 26, 2010
http://web.mit.edu/newsoffice/2010/geothermal-0126.html 7
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Geo-Thermal Energy @ s

In 2017, the US consumed an estimated 4.01 Trillion kilo-
Watt-hours of electricity?

* In 2013, US geothermal capacity was 11.4 GWZ producmg nearly
16.9 Billion kWh3 (0.4%) »

* Existing plants tend to be under-utilized*
—73% utilization can be increased to 92%2%*

* Lowest Land Use of all renewables®

Production Well Injection Well

[1] https://www.eia.gov/

[2]http://en.wikipedia.org/wiki/Geothermal_energy in_the_United_States

[3]British Petroleum: http://www.bp.com/en/global/corporate/about-bp/statistical-
review-of-world-energy-2013/review-by-energy-type/renewable-energy/geothermal-

capacity.html (retrieved 11/10/2013)

[4] L.X. Richter; “Capacity factors of geothermal plants, a global analysis by Bloomberg

New Energy Finance” , January 2012, http://thinkgeoenergy.com/archives/9644

[5] Levitan,D; “Report Counts Up Solar Power Land Use Needs” |IEEE Spectrum

Magazine; August 7, 2013. 8
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Hydroelectric Power @{?ﬁ“ggﬁ‘&m

* Power is extracted from the potential energy of water

Water Discharge
ltailrace) ——

Illustration credit: Ontario Power Generation Inc.

http://www.opg.com/power/images/hydrohow.jpg
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Hydroelectric Power J Laboraiories

In 2017, the US consumed an estimated 4.01 Tr|II|on kilo-
Watt-hours of electricity

* 270-370 Billion kWh of Hydroelectric power produced annually
(6.5-9.0%)12

* In 2013 was 75% of nation’s total renewable electricity?; in 2017,
approx. 40%

* Currently cheapest source of electricity: Average 1.5¢ / kWh?
* About 90% efficient?
* Adding generators to 600 dams could

increase hydroelectricity by 15%?

mmmmmmmmmmmm

[1] S. McArthur and T. Brekken, “Ocean wave power aata generation Tor grid

integration studies,” IEEE Power and Energy Society General Meeting, July 2010.

[2] US congressional committee on natural resources
http://naturalresources.house.gov/issues/issue/?IssuelD=8267 10
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Photovoltaics @ eoraores

from sunlight

* DC electrical power is converted to
AC, filtered and injected to the grid
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Photovoltaics @ s

In 2017, the US consumed an estimated 4.01 Trillion kilo-
Watt-hours of electricity

« 10,000-23,000%2square miles needed to meet US electricity needs
(100%), approx 10-23% the land area of Nevada

* 5,750 square miles needed to meet household demand?

\ AN
N &‘
i | 1 \ \ \ \ / A

[1] “Renewable Energy - Modern Marvels.” Modern Marvels. The History

Channel. Season 13 episode 41. September 20, 2006. Television.

[2] Sean Ong, Clinton Campbell, Paul Denholm, Robert Margolis, and Garvin

Heath; “Land-Use Requirements for Solar Power Plants in the United States”;

NREL Technical Report; June 2013.

[3] Levitan,D; “Report Counts Up Solar Power Land Use Needs” |IEEE Spectrum 12
Magazine; August 7, 2013.
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Wind Turbines (1) s

 Power is extracted from the kinetic
Energy in the Wind

* Most new wind also connects to
the grid using power electronics

|
Pturb — Ecp (ﬂ’)prrvgv

13
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Wind Turbines @ eoraores

In 2017, the US consumed an estimated 4.01 Trillion kilo-

Watt-hours of electricity

* Between 121,000 - 202,000 square miles of Wind needed to meet
US energy needs (100%)*

* There’s enough wind in North and South
Dakota (~147,000 square miles) to meet
US energy needs?

[1] Paul Denholm, Maureen Hand, Maddalena Jackson, and Sean Ong “Land-Use
Requirements of Modern Wind Power Plants in the United States “NREL
Technical Report; August 2009.

[2] “Renewable Energy - Modern Marvels.” Modern Marvels. The History
Channel. Season 13 episode 41. September 20, 2006. Television.

14
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River Turbine @ eoraores

* Power is extracted from the flow of water
* Connects to the grid through power electronics

|
Pturb — Ecp (ﬂ‘)prrvgv

Generator
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Wave Energy @ \ahoratois

* Power is extracted from wave motion

* Connects to the grid through power
electronics
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Wave E ne rg y @ National

Laboratories

In 2017, the US consumed an estimated 4.01 Trillion kilo-
Watt-hours of electricity

* 440 Billion kWh of wave energy available on West coast! (~10.9%)

Average KiloWatts Average Annual Wave Power (kW/m)
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[1]S. McArthur and T. Brekken, “Ocean wave power data generation for grid
integration studies,” IEEE Power and Energy Society General Meeting, July 2010.

17
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Power versus Energy @ actakies

* Let’s consider briefly a simple household use of power
Energy = Power x Time

100 W Light bulb

100 W x 2 hours = 200 Watt - hours

100 W x10 hours = 1 kiloWatt - hour (kWh)

18



Power Quality, Continuity of Service, @ Sand
Safety and Cost Matter

Laboratories

* Grid Frequency is regulated and limits are set
 Voltage Amplitude is controlled

* Harmonic content is limited

* Electricity is available almost all the time
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19



Power Quality, Continuity of Service, @ Sandia
Safety and Cost Matter

Laboratories

 System Average Interruption Duration Index (SAIDI)?
* Typically < 90-100 minutes per year
* Basically, Power is on > 99.981% of the time, for average customer

Length of outage in area i

SAIDI=-

Number of customers in region i

[1] System Average Interruption Duration Index (SAIDI)
http://en.wikipedia.org/wiki/SAIDI 20
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Greater Renewable Penetration is @{uaag%ies
Difficult to Manage

*The Energy (kWh) is there, but many renewables

can cause ...

—Intermittency of power

—Variability of power

—Reduction in the “stiffness” of the grid

which may result in ...
—Frequency and Voltage Fluctuations
—Instabilities

—Power Outages

21



Many Renewable Sources are @ﬁgggﬁal
Intermittent and Variable

Laboratories

* Renewable generation that depends on the weather will
vary with the weather

BEST NUCLEAR POWER PLANTS
NUCLEAR POWER PLANTS, U.S. NATIONAL AVERAGE, 2010
COAL-FIRED POWER PLANTS, U.S. NATIONAL AVERAGE, 2010
HYDROELECTRIC POWER PLANTS, GLOBAL AVERAGE
BEST WIND FARMS
GLOBAL AVERAGE: 21%

WIND POWER, U.S. NATIONAL AVERAGE

SOLAR (THERMAL AND PHOTOVOLTAICS), U.5. NATIONAL AVERAGE, 2010
UNITED STATES

WORLDWIDE

PHOTOVOLTAIC PLANTS, AVERAGE

Average percentage of nominal generating capacity
at which installation operates year round

V. Smil; “A Skeptic Looks at Alternative Energy”;
|EEE Spectrum Magazine; June 28 2012 22



Many Renewable Sources are @ﬁgggiﬁal
Intermittent and Variable Laboratores

* Renewable generation that depends on the weather will
vary with the weather . Wave Surface Eievation

E o
B i i i i i i
2D 20 40 L] &0 100 120
t{zec)
5000 T r
) : — - —Simulated huﬂm*u;
4000 k- jr ............................... SRR — Simulated Load Power|
——Measured Load Power

J. Neely, K. Ruehl, R. Jepsen, J. Roberts, S. Glover, F. White,
M. Horry; “Electromechanical Emulation of Hydrokinetic
Generators for Renewable Energy Research”; IEEE OCEANS;
San Diego, California; September 23-26t 2013.

an 100 5%



Many Renewable Sources are @ﬁ:ﬁﬂ‘ﬁm
Intermittent and Variable

Laboratories

* Renewable generation that depends on the weather will
vary with the weather

Power Output of a 1MW Wind Turbine

Wind Power

- S
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t (sec)

24



Many Renewable Sources are @ﬁ%ﬁﬂ‘ﬁa.
Intermittent and Variable

Laboratories

* Renewable generation that depends on the weather will
vary with the weather

Photovoltaics

750 1250
Minutes since start of day
Enslin, J. HR, "Network impacts of high penetration of

photovoltaic solar power systems," Power and Energy
Society General Meeting, 2010 IEEE , 25-29 July 2010 25



High-Pen PV and grid performance @ﬁggg‘:a,

Laboratories

* PV characteristics (variable, non-dispatchable, inverter-based,

distributed) can affect grid performance
— Local voltage control & protection issues tend to emerge first

: ; Distribution
] Feeders

Power flow with PV -
—> ault

Voltage

26

At Substation Distance from Substation At end of the feeder
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Grid Stability Relies on Precise Control @Sa“‘“a |
. Laboratories
of Power Generation and Power Flow
e Conventional generation is (usually) very good at
maintaining power quality/stability

—Precise control of output power for frequency regulation
—EXxcitation control for voltage regulation

350

T T
——— Commanded Power
====-Power

_—

L 1 1 1 | 1 L I
20 40 60 80 100 120 140 160 180
t (sec)

300+

Power (MW)
N
3

200
0

27



'Inertia’ Plays a Key Role in Grid () ik,
Dynamics

* The grid stores (some) kinetic energy in the rotating
mass of generators

1
EKinetic = EJ(zﬂ-f)z

/

28



Increased Variability and Reduced @ o
. . . aboratories
Inertia Increase Frequency Variation

* Perturbations in frequency depend on power variation

and inertia

—Sources and loads are matched in real-time with little “wiggle
room” but inertia does store some kinetic energy

—Reduced system inertia can make system more sensitive to
power variation

—Most distributed PV and Wind is programmed to shutoff with
dips in frequency

Variation in source

N
_ APGen B APLoaza’

472'2f . J <— |nertia

Af

29
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Advanced Inverters for PV Integration



Advanced Inverters Incorporate New @ﬁ%ﬂ%ﬂ‘ﬁ‘a.
Controls to Aid Grid Integration

Laboratories

* It can become increasingly difficult and

- i iffi l\IIH
expensive to integrate PV at higher and \\\ /

higher penetration levels

* A big part of the solution: deployment of
advanced inverters in future distribution-
connected PV systems

e Definition : Advanced inverters... ////

—Actively support voltage and frequency by
modulating the output

—Have high tolerance to grid disturbances

—Interact with the system via communications




Functional definitions are in Progress @Sandia

National
Laboratories

* Define functions (e.g., Q vs. V) and how they are specified

* Functions implemented Autonomously or by Remote Command
—Autonomous: Inverter response to local voltage and frequency conditions
—Commanded: Remote control (e.g., on/off) & configure autonomous

behavior

32




Let’s Look Closer at Functions that @ Santia
Mitigate Frequency and Voltage atotes
Fluctuation

* So how do we get Photovoltaics to “look like” generators

* Specialized functions monitor system voltage and frequency at
grid connection and modulate real and reactive power output

Volt-VAr Function Freg-Watt Function
O (VAR) P (W)

Systems with energy storage

<

N,

Omax ™~
0 \ \ ..»V(pu)P h \

Orsin 0 -f (Hz)

1.0

33



An Alternative is to Mitigate Variability @ Sanda
with Curtailment

Laboratories
—In previous works, PV system curtailment was used to manage PV

variability by reducing PV power ramp rates that affect grid frequency
and voltage [1]

POA Irradiance and Interconnect Power 12-1-2010

1200 1200
—Mean of 12 POA Sensors
—1 POA Sensor
—Interconnect Power
1000- 1000
800 800
€ :
s i =
= 600- 600 2
e o
8 =
s z
= 3
400- 400 &
200 ﬂ 200
0 0
| 1
3AM 6AM 9AM 12PM 3PM 6PM
[1] J. Johnson, B. Schenkman, J. Quiroz, and A. Ellis, “Initial operating experience of the La Ola 1.2 34

MW photovoltaic system,” Sandia National Laboratories Technical Report SAND2011-8848, 2011.



PV Curtailment can Provide Headroom Sandia

National

for Under-Frequency Response Laboratores

—In this study, PV power was curtailed to provide “head room”, allowing

Frequency-Watt functions to respond to over and under frequency events
without energy storage

Active Power (% nameplate)
A
100%
G- .
(F,, GP,) Curtailment
(% nameplate)
(F3a GPS)
(F2> GPZ) ’
” 5 Droop
(Hz/100% nameplate)
Deadband (Hz)
Frequency b0 Hz (F,, GP,)
35




A Study was Done Focused on the -
Lana,i Power System @ National

Laboratories
— Island is 140.5 square miles
— 3,200 residents in 1,150 households
— 6 MW peak load
—10.4 MW diesel power plant, 1.2 MW La Ola PV Power plant
—Characterized by high solar variability

MEo |-
Pt Piant |
(10.4 MW

Py Plant
(1.2 Mwy

£ /1B \\\C\

LT &S

I L TERRTRRNY

36




Simplified Lana’i Power System Model @ﬁ%ﬁﬂ‘ﬁm
Allows Day-Long Simulations Laboratories

— Generation was summed and

aggregated ——
gg g Irradiance — Ev
— System simulated in MATLAB °°™' [ ®==! Tatil BV Bt
from sunrise to sundown o _"ST
profile 2 yz::am
h A /ﬁwr Set point .
E - ! Speed Inertia .
'-f;'§- . Fm 2 *| Governor and - f
h"‘.l d damping
Frequency
Set point
lsochronous
f Governor |
:
Power Plant Simplified Model ——-&\ E‘ /
Coeff,

37



High Fidelity Lana’i Power System ﬁ%?iﬂi‘;‘a|_
Model Enables Contingency Simulation —

— Lana’i power system was modeled in GE’s Positive Sequence Load Flow (PSLF)
— System simulated for 4 minutes with contingency events

Line Fault

Loss of Synchronous Generator
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single-axis tracking
irradiance [W m'2]

single-axis tracking
irradiance [W m'2]
(o)}
(]
o

Irradiance Data from La Ola PV Plant @ggggi;a,
used to Compute Available PV power

Laboratories
— Four datasets were selected — Available PV power computed using
 Lowest variability — December 7t", 2010 Sandia Models
* ‘Average’ variability — September 3, 2010 * Sandia Wavelet Variability Model
* Highest Single Ramp rate — April 23, 2011 " SaigE Ay FEmermanse Jioges

: . . » Tracker and rooftop
* Highest variability — November 4", 2010
g Y WVM Inputs WVM Outputs

) i

determine variability irradiance to
reduction {smoothing]) at power model
each wavelet timescale
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1200 1200

900 900

600 600

300 300
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04r

w
o
o
w
o
o

single-axis tracking
irradiance [W m™]
(o)}
o
o

02
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Both Models were Validated using Data @ﬁ}é‘ﬁiﬁ‘%ﬂ%
from La Ola PV Plant

— An OSlsoft Pl server contains time-synchronized PV power and frequency data

—A period of high PV variability was replayed in both the simplified MATLAB
model and the PSLF system model to generate simulated grid frequency

—Simulated and modeled frequency responses were compared
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PV Variability and Geographic Diversity @ﬁggg‘:al
were Included in System Models

Available PV Power (pu)

o
F'S

02

o
@
T

ol
@
T

0 60 120 180 240

Laboratories

— To increase PV penetration in the model, new systems were “installed”

— Using realistic assumptions of cloud motion, La Ola data was time-shifted to
enable varying PV power in different locations

20%

PV scenarios considered PV Penetration, Type, Time of day 20%
0

i Lana‘iPVPlar:tDataProﬁles : jii; " ‘ ; 5 . 120%

T
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Profile time (sec)
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Simulation Studies Included Several Sandi
Frequency-Watt Settings [’E foraoris

— Simulation studies were done on both models with 6 Frequency-Watt

definitions, 5 capacity curtailment settings, and an uncurtailed/uncontrolled

case .

uncurtailed

85% capacity
65% capacity
50% capacity
25 35% capacity

M \ 20% capacity |—
FW22 set 1
FW22 set 2
FW22 set 3
2 FW22 set 4
FW22 set 5
FW22 set6 [—

(MW)

pv

7
/.
2

05

59.4 59.6 59.8 60 60.2 60.4 60.6 42



Energy versus Performance
Outcomes were Compared in MATLAB

Sandia
National
Laboratories

— Simulation studies were done in MATLAB with 6 Frequency-Watt definitions,
5 capacity curtailment settings, and an uncurtailed/uncontrolled case

42

PV AC Power
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Nov-04-2010

uncurtailed

85% capacity
65% capacity
50% capacity |__|
35% capacity
20% capacity
FW22 set1 ||
FW22 set 2
FW22 set 3
FW22set4 ||
FW22 set5
FW22 set 6

2 4 8 10 12 14
| I Ji [y f I | || 1 :
'H @i\, il'l-‘ul;\"!‘ M ll.’ i i i tul | LAl Li (M%l
Bikkig ™ TRR T | L LREL 'nr ‘ iy | j L
! “ (| Lt
2 4 8 10 12 14
| | |
uﬂ,s i | ‘A‘ A M LA )\ %‘
1 g Vil T R 1 Ty | ¥
2 4 8 10 12 14

time [HH]

43



Energy versus Performance Outcomes Sandi
were COmpared in MATLAB @ National

Laboratories

— Simulation studies were done in MATLAB with 6 Frequency-Watt definitions,
5 capacity curtailment settings, and an uncurtailed/uncontrolled case

Nov-04-2010
1400 | e deviati
quency deviations
70% penetration % Uncurtaled are only due to PV
1200 ¢ ® 85% capacity —  variability
65% capacity
N o ® 50% capacity
E 1000 ® 35% capacity | |
5 »  20% capacity
S 800 O FW22set1 |—
= 0O FW22set2
2 FW22 set 3
g 600 o Fw22setd |
= ° o FW22set5
s 400 o O FW22set6 |—
=
200 8
0
0 20 40 60 80 100

lost energy due to curtailment [%] 44



Energy versus Performance Outcomes @ Sanda
were Compared in MATLAB

Laboratories

— By responding to frequency with negative feedback, an improvement is also
seen in the PV Power Ramp Rate

Nov-04-2010
0.05%5 | | | Ramp Rates are only
70% penetration ® uncurtailed due to PV variability
0.07 ® 85% of capacity —
65% of capacity
— 0.06 ® 50% of capacity | |
8 ® 35% of capacity
i ®  20% of capacity
% 0.05 (8 O FW22set1
-6- O FW22set2
& O FW22set4
- O FW22setb
© 003 ® O FW22seté |
X
> o]
© 0.02
g
0.01
0

0 10 20 30 40 50 60 70 80 90 100
lost energy due to curtailment [%] 45



Energy versus Performance Outcomes <o
were Compared in MATLAB @ National

Laboratories

— Similar improvements are seen in other datasets, and results vary

70% penetration 120% penetration
Apr-23-2011 Sep-03-2010
1600 g I 2000 I
@® uncurtailed ® uncurtailed
1400 —* ® 85% capacity [ ® 85% capacity
65% capacity 65% capacity
§ 1200 ® 50% capacity — g 1500 ® 50% capacity —
e ® 35% capacity c ® 35% capacity
21000 ®  20% capacity > 20% capacity
5 o O FW22set 1 = O FW22 set 1
= O FW22set2 =) ® O FW22set2
o — o —
£ 800 FW22 set 3 2 1000 FW22 set 3
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E 600 - o Fw22sets | |E 9 o FW22set5
x O FW22set6 | | X g O FW22set6
£ 400 © e 500
Q
L
200 ‘
0 0 L
0 20 40 60 80 100 0 20 40 60 80 100
lost energy due to curtailment [%] lost energy due to curtailment [%]

46



Sandia
National
Laboratories

Dynamic Response following an
‘Event’ was Evaluated in PSLF @

— Frequency Nadir is compared with and without Frequency-Watt
deployment following a loss of generation (i.e. Synchronous

generator trips offline)
Frequency vs. Power
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Dynamic Response following an Sandi
‘Event’ was Evaluated in PSLF () i

Laboratories

— Frequency rise is compared with and without Frequency-Watt
deployment following a line fault

Frequency vs. Power

s R \ Curtail limit
4 e Curtail Trajectory| -
™ == FW Curve
\‘ =—=== F\W Trajectory
35
60.8
N —_ -
T 606 Curtail-50% e &
> ———FW s
S 60.4 - o 25
=1 3
) 60.2 |- 8
| NS e~ ——— > 2+
5 60 - &
E 59.8 B
CICJ g E 1.9
[
O 59.6 =~
1 1 1 1 1 1 -
105 110 115 120 125 130 135
t (sec)
05
ot h TEFEE

1 1 1 1 1 1 1 1
59 59.2 594 596 598 60 60.2 604 606 60.8 61
Electrical Frequency (Hz)
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Grid Dynamics and Damping Inter-Area
Oscillations



Problems May Arise between Areas @ﬁggg‘:a.
Connected by ‘Weak’ Transmission

Generation/Load Area 1

Long
Transmission
Line

______________________________

-~
~

——

Laboratories

Generation/Load Area 2

________________________________

Rotating
Generation

-

N o ]



Problems May Arise between Areas @ﬁ%ﬁﬂ‘ﬁm
Connected by ‘Weak’ Transmission

Laboratories

* Generator/Load complexes behave like mass-damper systems

* The “spring” connecting areas gets weaker with greater
power flow resulting in Inter-Area oscillations
—transmission is usually limited

Electrical
Angle

51




Damping Control System can @ﬁ:ﬁﬂﬁ‘a|
Improve Grid Stability

Laboratories
* Damping control system delivers power to dampen

inter-area oscillations between two or more areas
— High Voltage DC transmission

— Energy Storage Communications link
— Other resources - 2 v
Damping Damping
Controller 1 h Controller 2
[ t
E fi E f2
: P - P :
' Electrical '
interconnection

Large load and Large load and 59
generation complex generation complex



Visualization of Oscillation Modes @ﬁggg‘;‘a.

Laboratories

North South Mode

0.36 Hz, 13.7% damping - Reference site is the location
- with the largest observed
w - &\ amplitude for that mode.
s0'n| hco:b'a * Amplitude is proportional to
A radius of disk
W ?9 & wonama_ ‘ « Color of disk indicates if site was
in (red) or out of phase (blue)
Oregon f sdaho m with reference site.
o' i - * Phase angle is indicated by a
Cvas fixed length arrow in the center of
each disk
SR gl « Mapping results based upon
e | A simulations using 2015 heavy
J -|¢|-18°° : L4 > summer base case
30;5%°W 100 W

120 w 110 W 53



Western Interconnection Oscillation Sandia

Modes

o PDCI Terminals

Q North PMU measurements
e South PMU measurements

Q Western Interconnection

National
Laboratories

<mmm) North-South
<mm) Montana-NW
<« East-West
«wm» BC-US
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Inter-Area Oscillations Jeopardize @ﬁ%ﬁﬂ‘ﬁa.
Grid Stability

Laboratories

Western Power System Breakup
August 10, 1996

Malin-Round Mountain #1 MW

* Present approach to mitigate

PP5M at Dittmer Control Center

. . . . . 15:43:51

this scenario is to maintain g, Yereowven g R

large headroom in power | —

ﬂ ow | Rass:—Lex:ingt&n !.ine trips/
MeNary generation drops off |

« More efficient mitigation B T L Y T o |

strategy is active power : / I L L L |
injection using real-time . \ T
. 1300~ LAl
Phasor Measurement Unit 0.270 Hz \
7.0% damping 0.252 Hz ' '
(PMU) feedback 1 (Ambient analysis) 1.2% damping
0.264 Hz, (Ambient analysis) /
1200 3.46% damping
{Ringdown)
(System unstable)
Beference time = 13:35:30 PDT
1100 r . ' . .
200 300 400 500 600 700 200

Time in Seconds
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Pacific DC Intertie (PDCI) @Sandia

High Voltage DC line: +/- 500 kV
3220 MW capacity ?
850 miles long — Celilo to Sylmar ;
BPA operates Celilo

LADWP operates Sylmar

Operational since 1970

PDCl is annually used for probing tests (since §atems
2008) to identify and better understand =
inter-area oscillations on the western grid

Alternating

Pacific
Direct
Current
Intertie
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Damping Controller Hardware @sma
Watchdog circuit module_

Key switch ) Heartbeat indicators E-Stop button

PDCI Controller Interface

Status Indicators
::::::::
L] ) [ J L * L 4 [ [ 4

L e & e 8 @ e «

RT Controller Asynchronous PC
Heartbeat Heartbeat

L

Signal Monitoring ‘l

Server for select
supervisory functions

Real-time
Control platform




Damping Controller Strategy @ Soncia

Disturbances National y
Laboratories
Vv Ono
‘Lm‘» I'l"NIUNorth Horth
5 Py Western
PDCI +———»{ Inter- 1 2
connection . 5
P command ‘_>SOUth PMUSouth South
r—-— - - - - - - T T —_ = ]
| Prax H(Z) 4—'—
4! Controller |
| _/ Gain '3
| Module |
| -Pmax H(z) |« :
|
o i
., Damping Controller
Tustin’s 2" order
approximation H( Bessel @ 3Hz 1 PMUs take measurements
Z
N N i 2 PMUs send data packets over network
: d :
60— E Low Passf|———> f 3 Packets arrive at damping controller

b e e e e e ; 4 Controller sends power command to PDCI

P commana(t) = K(f North (t = Ta1) = Fsourn(t = TdZ)) 5 PDCI injects power command into grid
K is a constant gain with units of MW/mHz 53
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Chief Joseph Dynamic Braking Resistor @Sandia

* Purpose — Transient Stability:
Remedial Action Scheme (RAS)
to handle large faults in western
grid

* Can dissipate 1400 MW for 0.5 —
1.0 sec

» Side Benefit — Ideal as an
impulse response to the grid =
Aids system identification and
control system testing

* History — Built in early 1970s

* Owned & operated by BPA

* Described in M. Shelton et al,,
“Bonneville Power
Administration 1400-MW
braking resistor,” IEEE Trans.
Power Apparatus & Syst., vol. 94,
no. 2, pp. 606-611, 1975.




Grid Demonstrations Showed @ﬁgggﬁal
Significant Improvements in Damping

Laboratories

Experiments conducted at Celilo Converter Station Sept 2016, May & June 2017

COI Power Flow Chief | Damping of North-South
5000 Joseph | B Mode improved 4.5
N L —_omateled) | brake | percentage points

loop operation.

2900 //\‘/ test (11.5% to 16.0%) in
\\/ closed-loop vs. open-

2800 ﬂ\ //

2700
S \*<\\
Z 2600

2500

2400

<

2300

2200 All Controller consistently
0 5 10 15 | tests | improves damping and
Time (sec.) does no harm to grid.
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Time Delays in PDCI Damping Control @Sandia

National
Laboratories
PMUs take PMUs send Packets Controller dispatches
measurements data packets arrive at controller command PDCI acts
1 4 3 4 5
| | | | |
| | | | I s
tmeas tcom tcont tcmd
tgel
) tiot -
teff
Symbol Name Mean Range Distribution
teas PMU Delay 50 ms Assumed fixed at 50 ms N. A.
teom Communications Delay 10 ms [5,38] Heavy Tail Normal
| Signal Delay 60 ms [55,88] Heavy Tail Normal
- Control Processing Delay 11 ms [3,17] Bimodal Normal with peaks at 8 & 15 ms
tior Total Controller Delay 71 ms [58,102] Bimodal Normal with peaks at 66 & 73 ms
tmd Command Delay Estimated at 11 ms Assumed fixed at 11 ms N. A.
t.i Effective Delay 82 ms [69,113] Bimodal Normal with peaks at 77 & 84 ms

Conclusion: Round trip time delays < 100 ms =2 well within
bounds for robust closed-loop control 61




The Damping Control Project was a @ﬁa?_dial
Real Success ations

Laboratories
First successful demonstration of wide-area control using real-time PMU feedback in
North America

Experience gained in networked controls will advance control design using other
network-enabled assets, such as energy storage, smart inverters, and demand response.

Supervisory system architecture and design can be applied to future real-time grid
control systems to ensure “Do No Harm”.

Extensive eigensystem analysis and visualization tools developed for simulation studies
and analysis of test results.

Model development and validation for multiple levels of fidelity to support analysis,
design, and simulation studies.

Control System for

Active Damping of
lnter~Are:g >
Oscillations

2017 R&D 100 Award Winner o
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Future Methods will Combine Distributed
Sensing with Distributed Modulation



Multi-Node Distributed Control () e
— 1)

Advantages:

=" Robust to single points
of failure

= Controllability of
multiple modes

= Size/location of a single
site not as critical as
more distributed
energy resources are
deployed

40°N

\ ,@
o
¥,

SOON )

% British Columbia

Laboratories

Control center

A
Alberta PMU location
Injection site

*‘ 3 @
l ing;@r 09) Montana -
on Z Idaho |
-

12 Utah
7

Nevada
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Multi-Node Distributed Damping @ Sandia
Laboratories

* Multi-node damping provides redundancy and improved
controllability of multiple modes

— Work is underway to develop a scalable N-node damping control scheme based
on distributed energy storage with “Tailored Gains”

— Each node modulates power based on local PMU and multiple remote PMU
measurements

* Gains are computed using a Structured Damping Control
Algorithm (SDCA) ;
AF; = _ZKd,ijfi

Model e
Estimate
. Feedback

Cost function .

. Gain values
definition

K117K127""K1n

Network
Topolo

pology %

K,pm K

nl» nn
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An Optimization Problem is Formulated @ﬁgggﬁa.

Laboratories
* To attain the control law ~ u; =—K;y

T

/
minimize J = j (xTQx + ugRud )a’r
K, 9
subject to:

(1) &) = Ax(t) + B,q(t) + Byu, (?)
@y =[Aey A0y A Aw,]
(3 uy(t)=—K (1)
4) O>20,R>0
* The above optimization problem must be solved iteratively

* For solution details, see the recent journal paper:

J. Neely, J. Johnson, R. Byrne, and R. Elliott, “Structured Optimization for Parameter
Selection of Frequency-Watt Grid Support Functions for Wide-Area Damping,” International
Journal of Distributed Energy Resources and Smart Grids, vol. 11, no. 1, pp. 69-94, 2015.
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Imaginary Axis

Normalized E-W Frequency Difference, pu

Example using Distributed Energy

Storage
Total real power capacity on order of 20 — 50 MW is sufficient
With 10s of sites deployed, individual resource capacity £ 1 MW will work

System Elgenvalues
10 T T T T
*  No Damping Control |rect|on of Improved Damplng
x SCA gain Kd‘“mI
9t b *
k3
«
Lamad L, N
sl - x
» =
—
e
7+ e st
.
- » R
6 gt
»
5t S—
e
',———-—p...-»mo“
4r e
g - B eeererssetetettittitttttttttetttitttttateneete -«
3 [ e -
p—
2 1 1
-2 1.8 16 4 12 -1 0.8 0.6 0.4 0.2 0
Real Axis

0.5+

-0.51

Improvement in Damping of East-West Mode

=== No Control
=== \With Damping Control

N A
VA

Time, sec
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National
Laboratories

East-West Mode

% British Columbia = Alberta | saskatchewan

50°N[ E K
. Washington

Oregon
Idaho Wyoming
7 ¢
40 N - Utah 7
Nevada € Color?_
California
N
° ° New Mexico
o] *
sonb ‘ :
130" w 100 W
120" w 110 W
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Network-Based Modulation of Power
In Sinc Jurbines

| e
=

)

simuw'ﬁ

[ N Canyon, TX
| i

: - -

b PR e weico D PMU 1
/g LA B ‘ Power Grid A

@ Lubbock

Internet

Real Power
Flow

X-Net

Boundedness
Safety cutoff
Data integrity

Command Level Controller at Sandia

Command level controller implemented at Sandia in Albuquerque, NM.
Successful demonstration of coordinated control strategy on Sept. 28, 2017.

Modulation of wind power implemented in turbine nacelle at wind farm in Lubbock, TX.

Outcome is scalable, giving wind operators the opportunity to provide valuable grid services.

Sandia
National
Laboratories
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) Sandia
Some Concluding Remarks ... @P‘:g:,‘:g?;ﬂes

e Over the last 100+ years, the grid has become reliant on large
centralized fossil-fuel based power generation

* As large centralized power generation is displaced by
distributed energy sources, new controls approaches are
needed to maintain grid operation

* The “SMART Grid”, enabled by new controls, holds great
promise for realizing the Grid of the Future
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. Sandia
Backup slides @ Lanoraores
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Freqguency Watt was Tested in a Lab-
Sized ‘Island Grid’

Sandia
@ National
— A hardware testbed was assembled

Laboratories
e 225 kW diesel generator

e 24kW inverter with FW capability

* Resistive load switching between 25kW and 75kW
Diesel Generator & -
with isochronous &

1.2
speed control 4
08+
E
PV Arra 2097
| | Inverter with o
Emulator Freq-Watt 04f
02}
0 1 1 1 L 1 1 1
59 59.2 59.4 59.6 59.8 60 60.2 60.4 60.6 60.8 61
25 kW Load f (Hz)
| | Contactor
50 kW Load
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States are Committing to Renewable @ {%gﬁnigﬁi"-
Energy Integration aboratories

* 29 state governments, Washington DC, 2 territories have
committed to new Renewable Portfolio Standards

[WA: 15% X 2020* MN: 25% x 2025

ME: 30% x 2000
New RE: 10% x 2017

VT: (1) RE meets any increase
in retail sales x 2012;

MT: 15% x 2015 . ] cel: 20 (2) 20% RE & CHP x 2017 LI NH: 24.8% x 2025 [|
OR: 25% x 2025 (large utities)* V. it 10% & 1,100 MW A" MA: 22.1% x 2020
5% - 10% x 2025 (smaller utilties — o x 2015* ‘ F | NewRE: 159% x 2020
! s A ; (+1% annually thereafter)

WI: Varies by utilitv o 160
pE - [RI: 16% x 2020 |

‘m v €T 27% x 2020 |

is)* @& PA: ~18% x 20217
i IL: 25% x 2025

NJ: 20.38% RE x 2021
CA 33% x2020 222 20 R araess KS: 20% x 2020 IN: 10% x 202571

+ 4.1% solar x 2028
i | MO: 15% x 2021
o X OK: 15% x 2015
Yg/\“? > M: 20% x 2020 (10Us) : .

[s0: 109 x 2015

VA: 15% x

NC: 12.5% x 2021 (10Us) |
10% x 2018 * ps & munis) |

| MD: 20% x 2022 |
% ’ 10%::2020 Cco-op

| DE: 25% x 2026* |
Py Tx 5,880 MW x 2015*

|DC: 20% x 2020 |
‘ Renewable portfolio standard
AT 40% x 2030 |’

BI!LQ Tnbmlimibs&

NMI: 80% by 2015 Guam: 25% x 2035
PR: 20% x 2035 USVI: 30% x 2025

DSIRE database, November 2013
Database of state incentives for renewables and
efficiency renewable portfolio standards

72
http://www.dsireusa.org/



Frequency at Generator (Hz)
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National
Laboratories

Freqguency Watt was Tested in a Lab-
Sized ‘Island Grid’ @

— Load Step Change from 75kW to 25kW

* Use of the FW function reduces peak frequency and improves the rate at which frequency returns to nominal

Load Decrease
25 T T

100% with FW

100% without Fw | ] Integral Squar ed
50% with FW

Scenario Frequency Error

Je (Hz)

Inverter Power (kW)
o

Diesel Generator Power (kW)

5r il Inverter at 100%
0. pye ; . capacity with 0.50993
Time (s) FW enabled
: Inverter at 100%
10wt ] capa01.ty with FW 0.75181
50% with FW disabled
Without Inverter -
’ Inverter at 50% capacity 0.51738
_ with FW enabled :
Diesel generator with no 0.61614
_ 1 & inverter '
Time (s)
62 T T
i 100% with FW
615 100% without FW | | ts
.
Ithout Inverter _ % 2
fo= [G@=
60 = to
59.50 0.'5 1' s 73

Time (s)



Frequency Watt was Tested in a Lab- Sandia
Sized ‘Island Grid’ () =

Laboratories

— Built-in inverter time delay can limit FW effectiveness

Response to change in grid frequency Load change from 25kW to 75kW

Frequency Step Change
30 T T .. T = T g T T Load Increase
25 T T T T T T T T T
1 second . ¥
0.5 second | _|
2 E 20 3
o 100% with FW
- z 15k 100% without FW/
g D: 50% with FW
= [}
5 T E 10
7} - o
z g
3 i
o ;. 5 1 1 1 1 1 1 1 | |
2 04 0.6 0.8 1 1.2 1.4 1.6 1.8 2 22
Time (s)
S0
E T T
0 1 1 1 1 1 1 =
0 05 1 15 ) 25 3 35 Lol i
Time (s) £ [.,\
S
BT 100% with FW | 7]
g 100% without FW
] 50% with FW
20 - 4
025 ! ! L ! ! ! % Without Inverter
1 second 7]
Q 0 1 1 1 1 1 1 1 1 1
82 s~ 0.5 second | _| a
Iz 0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2
Time (s)
o5 - -
= N 62
> <
2 el g 5 61 4
g T
T 7}
@ g -
L 605 - 8 €0
® 50 100% with FW _
_J i i i % 100% without FW
60 S 55 50%with FW | _|
g Without Inverter
59.5 1 1 1 1 1 1 Lah: 57 I I I I I I I I L
0 05 1 1.5 2 25 3 3.5 0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

Time (s) Time (s) 74



Grid performance requirements

*Voltage & frequency
control

* Protection
—How to tell when/where there is a
problem (e.g., fault)
—Ensure safety, prevent damage to
equipment, avoid cascading

e System stability

—How voltage and frequency recover

from a disturbance

 Continuity of service

—Benchmark: 1-day cumulative
outage per customer in a 10-year
span (99.97% reliable)

200

Sandia
National
Laboratories

G

100+

Voltage (V)
(@]

N

o

o
T

1
1
1
1 I

I e 1 1
1 I
I | BEE
1 1
1 1
1 1

Frequency

L [
Lt

-200
0

i 1 | i h i i i i
0005 001 0015 002 0025 003 0035 004 0045 005
t (sec)

POST TRANSIENT
VOLTAGE
DEVIATION

8=
&3
BUS VOLTAGE Mmulrunsﬁﬁ-!

' [\/\’_’ (i)

'I'IIIE DIIIIM'IOH
F VOLIAGE DI
EEEEDING “I

20%
voll,.};ne
MAXIMUM TRANBIENT _ __AV)
VOLTAGE DIP (%) ™ TRITIAL VOLThaE © 1°°*
MAXIMUM
ﬂ TRANSIENT
VOLTAGE
e FAULT pIP
CLEARED 3 9
{ (
10 1to 3
BEGONDS S8ECONDS MINUTES

TIME
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Sandia
What are Some of the Tradeoffs? @ et

* Grid-tied renewable energy tends to have limited
geographic availability or high variability

High . Photovoltaics Wave
Variability, ——

Low Capacity ?@?

Factor x

Fossil Fuel

High Capacity |
Factor

Geographically
Limited

Ubiquitous
76



‘Inertia’ Plays a Key Role in Grid @ﬁggg‘:a.
- Laboratories
Dynamics
Example: 325 MVA Hydro Turbine Generator?

685 ! ] ! ! '

680F ............................. ............................ A _

o
()]
C
L
©
o
S
w BB Erssenmnmomsingitle SRR WU SIS SRPITRIRSPI S—— _
:
1
:
655177 e e e _
;
1
: i : ; :
650 i 1 | | i
59 59.2 594 59.6 59.8 60 60.2

frequency (Hz)

[1] P. Krause, O. Wasynczuk, S. Sudhoff; Analysis of 77
Electric Machinery and Drive Systems; 2" ed




